Major depressive disorder is a heterogeneous disorder, mostly diagnosed on the basis of symptomatic criteria alone. It would be of great help when specific biomarkers for various subtypes and symptom clusters of depression become available to assist in diagnosis and subtyping of depression, and to enable monitoring and prognosis of treatment response. However, currently known biomarkers do not reach sufficient sensitivity and specificity, and often the relation to underlying pathophysiology is unclear. In this review, we evaluate various biomarker approaches in terms of scientific merit and clinical applicability. Finally we discuss how combined biomarker approaches in both preclinical and clinical studies can help to make the connection between the clinical manifestations of depression and the underlying pathophysiology. 21 2. Biomarker approaches in
Introduction
Biological background of major depressive disorder With a lifetime prevalence approaching 15%, Major Depressive Disorder (MDD) is one of the most prominent causes of disability in the western world [1] . However, MDD defined according to current classifications is a very heterogeneous disorder in terms of varying and sometimes opposing symptoms (e.g. weight loss or weight gain, insomnia or hypersomnia) [2] as well as underlying pathophysiological mechanisms [3] , complicating research into its etiology. Over the years, four major hypotheses of MDD etiology have emerged, involving (1) impaired monoamine neurotransmission [4, 5] , (2) impaired feedback control of the hypothalamic pituitary adrenal (HPA)axis [6, 7] , (3) neuro-inflammatory processes [3, 8] and (4) impaired neuroplasticity/neurogenesis [9] [10] [11] [12] . Initially heterogeneity of depression was explained in terms of single dysfunctional biological processes, but more recent research points towards multiple interacting biological systems being involved in the pathophysiology of MDD, with some processes being more prominent in specific MDD subtypes [13, 14] . Accordingly, a complex biological interaction is most likely responsible for the heterogeneous presentation of MDD.
Due to its heterogeneity, MDD may be difficult to diagnose. Moreover, the delayed onset of action of many antidepressants complicates early observation of treatment response. A biomarker test may be a useful aid in diagnosing MDD or its subtypes, as well as an early indicator of treatment response.
In this review, we evaluate various approaches for the discovery of biomarkers for MDD in terms of scientific merit and clinical applicability (Table 1) . Most biomarkers that have been suggested for MDD are related to theories regarding the underlying pathophysiology of MDD. Therefore, we will first give an overview of the major hypotheses of MDD pathophysiology, before we continue to discuss different biomarker approaches.
Major hypotheses of MDD Most currently known biomarkers for depression reflect changes in one of the biological mechanisms involved in MDD. In this section, we will discuss the four major hypotheses of MDD. Although presented as different hypotheses, there is evidence for the involvement of all these biological mechanisms in MDD. Thus, one should keep in mind that MDD is probably a result of a complex interaction between several biological systems, instead of alterations in one of them.
Monoamine hypothesis
According to the monoamine hypothesis, MDD is causally related to dysfunctions of monoamine neurotransmitter systems (serotonin, norepinephrine and dopamine) resulting in decreased extracellular levels of monoamines and decreased monoamine neurotransmission [4, 15, 16] . In support of the monoamine hypothesis, diminished concentrations of monoamine metabolites have been demonstrated in cerebrospinal fluid, blood, urine, and post mortem brain tissue of depressed patients [3, [17] [18] [19] . There are also reports of altered platelet serotonin transporter function [20] and 5-HT2 receptor function in the brain [21] as well as in platelets [22] . Moreover, there is evidence that a reduction of serotonin levels by tryptophan depletion induces depressive symptoms in susceptible individuals [5] .
In the past decades, however, research has revealed limitations of the monoamine hypothesis [5, 23] . Studies have failed to find convincing evidence of a primary dysfunction of a specific monoamine system in patients with MDD [24] . Moreover, a meta-analysis of the literature shows that depletion of monoamine neurotransmitters induces depressive symptoms only in patients with a history of depression or non-depressed relatives of MDD patients, but not in healthy subjects without a history or family background of MDD [5] .Thus, alterations in monoamine neurotransmitter function alone cannot fully explain the etiology of MDD, yet they may be part of a complex interaction with other factors to induce depression.
Stress hypothesis
Deregulation of the hypothalamus-pituitary-adrenal (HPA) axis, one of the body's major stress systems, has been frequently implicated in the etiology of MDD [6, [25] [26] [27] [28] [29] . Numerous studies have associated MDD with elevated levels of cortisol, adrenocorticotrophic hormone (ACTH) and corticotrophin releasing hormone (CRH) in body fluids such as blood, urine, saliva and CSF, but also in post-mortem brain tissue. In addition, multiple studies have demonstrated impaired feedback control within the HPA axis [6, 25, [27] [28] [29] [30] [31] [32] . Antidepressant-induced clinical remission is accompanied by a reversal of several HPA-axis-related abnormalities [33] , suggesting that the latter may indeed be causally related to depression. However, only part of the MDD patients display HPA axis abnormalities, and they are overrepresented especially in MDD patients with melancholic and/or psychotic features and inpatients [32] . Thus, although HPA axis abnormalities may be a feature of specific subtypes of depression, they are not a necessary prerequisite for the development of MDD.
Immune-inflammation hypothesis
Over the last two decades, the hypothesis emerged that inflammatory processes and neuralimmune interactions are involved in the pathogenesis of major depression and that these might even underlie some of the frequently observed serotonergic and adrenocortical correlates of MDD. This inflammatory hypothesis suggests that inflammatory changes, demonstrated by increased levels of pro-inflammatory cytokines, decreased levels of anti-inflammatory cytokines and activation of immune cells, are causally related to MDD [34] [35] [36] [37] [38] . Indeed, MDD has been associated with increased levels of interleukin (IL)-1, IL-6, tumor necrosis factor (TNF)-α and interferon (IFN)-γ, and decreased levels of anti-inflammatory cytokines, such as . Pro-inflammatory cytokines are known to induce depression-like behavior in rodents [37, 38] , indicating that these factors may indeed induce behavioral changes associated with depression. However, immune activation and increased pro-inflammatory cytokine production are present in a variety of disorders that are not necessarily associated with depression, and thus additional factors must play a role in the etiology of MDD. To add to this complexity, inflammatory dysregulation was found to be associated with chronicity of depression in patients treated with antidepressants [42], as well as with specific symptom profiles of depression [43], suggesting a clinically relevant subtype with increased inflammatory activity. Clearly, further work is needed to increase our understanding of these associations.
Neurogenesis and neuroplasticity hypothesis
The neurogenesis hypothesis of depression implies that decreased hippocampal neurogenesis and levels of neurotrophic factors may be causally related to MDD. In support of this hypothesis, decreased neurogenesis is a common finding in animal models for depression [44] . Moreover, neuroimaging studies have revealed abnormalities in hippocampal structure of MDD patients [45] [46] [47] . In addition, MDD has been associated with changes in levels of neurotrophic factors, and these changes might be involved in the development and/or persistence of the disorder [48] . Among these neurotrophins, brain-derived neurotrophic factor (BDNF) has been most extensively studied in relation to depression. BDNF is a neurotrophic factor that induces proliferation, survival and differentiation of existing neurons and the formation of new synapses. The results of several meta-analyses on BDNF confirm significant correlations between serum BDNF levels and depressive state as well as successful antidepressant therapy [49] [50] [51] [52] .
Further support for the neurogenesis hypothesis comes from studies demonstrating that virtually all antidepressant treatments increase neurogenesis and neurotrophic factors [53, 54] . Yet the question remains whether decreased neurogenesis and neurotrophic factor levels are a cause or a consequence of other abnormalities found in MDD. In addition to neurogenesis, synaptogenesis is affected in MDD [55] . Synaptogenesis and neurogenesis are partially regulated by the same factors and both are responsive to antidepressant treatment [56] . However, similar to neurogenesis, it remains questionable whether a causal relation exists between synaptogenesis and MDD.
Biomarker research in MDD: An introduction
A biomarker can be defined as "a characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention" [57] . Thus, biomarkers may be used as an aid to diagnose a disease, or to predict or follow treatment response. Biomarkers may include hormones, proteins and genetic markers at the level of DNA and RNA, but also structural and functional alterations that can be visualized with imaging techniques. Traditionally biomarker research was theory driven, involving substances capable of monitoring (changes in) biological mechanisms already known to be affected in MDD. However, owing to the remarkable progress in gene and protein analysis techniques, data driven approaches are now becoming increasingly popular [25] .
Over the past decades, several biomarkers have been proposed for MDD, but at the moment none of these biomarkers reaches sufficient sensitivity and specificity to be implemented in clinical practice. This is likely a result of the heterogeneity of MDD, with multiple biological mechanisms being affected. Probably, there are individual differences in the extent to which specific biological mechanisms are affected, with some mechanisms being more prominent in certain subsets of patients, while other mechanisms may be more prominent in others, reducing the maximal sensitivity of a single biomarker. Moreover, none of the previously discussed pathophysiological processes is exclusively linked to MDD, thus reducing maximal specificity. Instead, MDD is probably a result of several biological mechanisms that influence each other in complex ways. Therefore, although a single biomarker may not reach sufficient sensitivity and specificity, the use of a combination of several biomarkers reflecting changes in different biological mechanisms may be a promising direction for future research.
A successful biomarker test for depression not only has to be sufficiently sensitive and specific, it will also have to fulfil certain practical criteria in relation to costs, availability and invasiveness of the procedure. For example, imaging techniques such as PET, SPECT and MRI are rather expensive and only available in larger (university) medical centres, limiting the potential use of these techniques as biomarkers in daily practice. At the same time, structural and resting state functional MRI is more easily performed than complex task-related functional MRI. Biomarker analysis in CSF is also limited by costs and availability of the procedure, but even more by the invasive nature of CSF collection. Determination of biomarkers in blood or urine is relatively cheap and noninvasive, and the technique is widely available. Thus, blood and urine are the most likely sources for biomarkers that can actually be implemented in clinical practice. This review will evaluate various approaches for the discovery of novel biomarkers for MDD with respect to scientific merit and alleged clinical applicability. In addition, we will give an overview of possible biomarkers for MDD and their clinical usefulness. Finally we will discuss how combined biomarker approaches in both preclinical and clinical studies can help to unravel the biological substrate of MDD.
Due to the extent of the topic, our overview of potential biomarkers and techniques may not be complete, but it will provide an overview of the major developments in the field of biomarkers over the past decades, as well as directions for future developments.
Biomarker research in MDD
Strategies to unravel biological substrates in psychiatry and MDD Five major strategies have been applied to elucidate the etiology of psychiatric disorders including MDD: post-mortem brain research, measurements of substances in human body fluids, research in animal models, neuroimaging studies and genetic research.
Post-mortem studies of the brain have scientific merit [58] , but the progressive character of many neuropsychiatric diseases and the fact that many patients have been treated with drugs for a substantial part of their lives limit the value of many post mortem data. In addition, it is difficult to oversee the consequences of dying tissue for brain physiology, because of the inactivation of enzymes and an instantaneous and massive release of neurotransmitters after death.
Measurement of substances such as hormones, proteins and neurotransmitters in cerebrospinal fluid, blood and urine have been adopted as substitutes for assessing neurobiological function [59] [60] [61] [62] . Nevertheless, these strategies remain indirect approaches to extract information from the normal or pathological brain. Moreover, as the brain is protected by a blood brain barrier that selectively transports substances across its membrane, correlation between central and peripheral concentration is often questionable.
Some of these problems can be overcome by using animal models. Animal experiments allow for conditions to be far better controlled. Moreover, direct assessment of brain tissue is possible. However, preclinical research has limitations of its own, in particular with respect to translating animal data to the human condition. This can be covered partially by using animal models with good face-, construct-and predictive validity [63, 64] .
Over the last decades, structural, functional and molecular neuroimaging have matured, while new (molecular) targets and applications see rapid development. Current techniques include (functional) Magnetic Resonance Imaging and Spectroscopy (fMRI and MRS), Positron Emission Tomography (PET), Single Photon Emission Computed Tomography (SPECT), and electro encephalogram (EEG) [65, 66] . Thus far however, most in vivo obtained information is related to disease state dependent alterations and seldom informs on more permanent pathology [67] [68] [69] .
In genetic research, DNA, RNA and epigenetic analyses have matured, helped by the development of techniques as quantitative polymerase chain reaction (q-PCR) and next generation sequencing (NGS) methods. Several gene polymorphisms have been associated with MDD [70] but probably due to the multifactorial nature of this disorder, the correlation between gene polymorphisms and clinical symptoms of depression remains poor [55] . Gene expression studies may be promising for future research, but unfortunately this method is limited to tissue that can be easily obtained, such as blood cells, and thus direct assessment of gene expression in brain tissue is not feasible [71] .
Interactions between major hypotheses of MDD etiology
As mentioned before, most known biomarkers for MDD are related to our current knowledge of the major pathophysiological pathways implicated in the etiology of MDD. Examples include levels of cytokines, neurotrophic factors, cortisol and monoamine metabolites, altered hippocampal structure and altered cortisol responses to the dexamethasone suppression test.
However, at the moment none of these biomarkers reaches sufficient sensitivity and specificity to be a marker for depression. This is probably a reflection of the heterogeneous nature of MDD, and it is important to realize that the four hypotheses should not be regarded as separate competing theories. In fact, pathophysiological pathways associated with the major hypotheses may to varying extent be involved in subtypes of depression and interact with each other in complex ways. Indeed, there is a lot of evidence supporting interactions between these biological systems. For example, stress has been associated with reduced neurogenesis and reduced expression of neurotrophic factor genes in the brain on the one hand, and increased production of proinflammatory cytokines on the other hand [53, [72] [73] [74] . Conversely, pro-inflammatory cytokines can cause HPA-axis hyperactivity by disturbing the negative feedback inhibition of circulating corticosteroids on the HPA axis [36, 75, 76] . In addition, inflammation is known to impair neurogenesis [44, 77, 78] . Inflammation and HPA axis hyperactivity may also promote depletion of the essential amino acid tryptophan via activation of the enzymes indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO) [79] . The consequences might be reduced synthesis of serotonin as well as the formation of neurotoxic kynurenines and isoquinolines and also a decrease of neurogenesis [79] .
Thus, all biological systems involved in depression interact with each other, and changes in one of these systems may affect the other systems as well. Furthermore, if MDD or one of its subtypes is indeed a result of interactions between different biological systems, a single biomarker reflecting changes in one of these systems is unlikely to reach sufficient sensitivity and specificity, but a biomarker test based on a combination of biomarkers reflecting changes in multiple biological systems might. Thus, future research should not only be focused on the discovery of new biomarkers, but also on methods to develop panels of biomarkers with increased sensitivity and specificity for psychiatric syndromes.
Biomarker approaches within the context of current MDD theories
Many potential biomarkers have been clinically assessed for their usefulness in MDD, and their number is growing steadily [7, [80] [81] [82] [83] [84] . Biomarkers can be divided in several categories including brain imaging markers (molecular, structural or functional), (epi-) genetic and proteomic markers, but also signalling molecules such as hormones and neurotransmitters in body fluids. Information provided by these different approaches range from associations with MDD or a certain subtype to increased knowledge of the (neuro-) biological pathways involved. In this section the different approaches will be discussed in more detail including the strong points and limitations of each approach.
Neuroimaging
Brain imaging studies in MDD have shown structural and functional alterations of brain areas involved in regulating emotional behavior. Accordingly, such changes might be considered as direct biomarkers for MDD. Regions involved are the amygdala, hippocampus, prefrontal cortex, ventromedial striatum, pallidum and thalamic nuclei forming the limbic-cortical-striatal-pallidalthalamic (LCSPT) circuit [85, 86] . Additional brain areas involved in regulating emotional behavior are the cortical-limbic and ventral-dorsal circuits [69,87,88] (see also figure 1) and the brain areas involved in the default mode network [86, 89] .
Structural and functional Imaging MRI scans have revealed a number of abnormalities in brain structures of patients with MDD compared to healthy controls. Despite some inconsistencies, meta-analyses have shown clear evidence for smaller hippocampal volumes [45] [46] [47] . In addition, depressed patients show increased cellular atrophy in limbic and cortical areas of the brain, consistent with decreased neurotrophic activity [90] . 86] have reviewed structural alterations in MDD, including volumetric abnormalities in prefrontal, cingulate and temporal cortex, with volumetric abnormalities most present in the cingulate cortex. Imaging studies have also reported alterations of the amygdala, with decreased as well as increased volumes, the latter possibly related to treatment with antidepressants [91] . The observed structural changes in patients with MDD might be related to neuro-inflammatory processes, involving both microglia and astroglia activation and changes in synaptic plasticity [92] . Atrophy of the hippocampus may also be connected with stress-induced overstimulation of gluco-corticosteroid receptors in this area, which may decrease BDNF signalling, resulting in impaired neurogenesis [93] . However, it is not possible to show directly that these underlying factors are the cause of the observed structural alterations.
Structural alterations in MDD often coincide with functional abnormalities such as changes of cerebral blood flow and metabolism. Brain imaging studies in patients with MDD have shown differences in metabolic activity in brain regions belonging to ventral/limbic networks such as the anterior cingulate cortex, amygdala and the ventral striatum, relative to healthy controls but also relative to patients in remission. Importantly, there are indications that metabolic hyperactivity in these areas differs between patients with active depression and those in remission [85, 86, 94 ]. Yet, metabolic changes in MDD are not consistent throughout the brain, showing reduced metabolic activity in the orbital cortex and the ventral lateral prefrontal cortex of severe treatment-resistant cases compared to mild or moderate depression, suggesting that metabolic activity might represent a measure of depression severity [85, 86] . A recent meta-analysis by Groenewold and coworkers [95] confirms distinct patterns of over-and underactivation of brain regions in MDD, with emotional valence as a moderator for these abnormalities. Their meta-analysis included various studies concerning emotional processing and biased neuronal activity patterns, indicating that negative emotions correlate with increased activation of brain regions such as the amygdala, parahippocampal areas, dorsal anterior cingulate cortex and the left striatum and a decreased activation of the dorsolateral prefrontal cortex. In contrast, positive emotions correlated with an increased activity in the orbital frontal cortex, which fits in the frontal-dorsal model [87] . This is not only consistent with earlier studies of biased neuronal activation patterns but also with previously reported structural brain alterations in MDD.
Functional imaging may also indicate specific subtypes of depression. 97] have reviewed the potential of neuroimaging to distinguish between forms of depression with a different etiological background. Compared to MDD, bipolar depression featured white matter hyperintensities and widespread abnormalities in white matter connectivity, reductions in habenula volume and distinct patterns of functional abnormalities connected with neural circuitry responsible for emotion regulation and attentional control, indicating that unipolar and bipolar (and potentially other subtypes of ) depression may be related to specific abnormalities on fMRI scans.
PET, SPECT and EEG
The number of PET ligands specific for receptors and other targets in the brain (and periphery) allegedly involved in MDD is steadily increasing. The majority of PET and SPECT ligands is aimed at targets that fit well in the monoamine hypothesis of depression such as degrading enzymes, reuptake sites and receptors for serotonin and dopamine [98-105] (for reviews [67, [106] [107] [108] [109] ). It is important to note that results from PET receptor studies are sometimes contradictory, as discussed in detail by Shrestha and co-workers for 5-HT1A receptor imaging [110] . Notwithstanding the progress being made in neuroimaging we believe that the verdict of Smith and Jacobson [111] that research has neither proven nor refuted the idea that neurochemical processes that can be assessed by the current radio-ligands are causally related to depressive disorders still holds until today. Smith and Jacobson [111] suggested that future success of PET research for understanding molecular mechanisms in depressive disorders might require the invention and development of further molecular tools for studying a wider range of neuronal events in the living human brain. PET ligands have also been developed for glutamatergic and GABAergic targets, but with respect to MDD the number of studies is very low. So far development of PET tracers for processes related to stress [112] , neuro-inflammation [113] [114] [115] [116] and neurogenesis [117] is also progressing slowly. Thus, at the moment the availability and knowledge of PET tracers for targets related to the pathophysiology of MDD is still insufficient to make PET tracers eligible for use as biomarkers.
An interesting variant of the PET imaging technique involves the estimation of levels of intraand extra-synaptic neurotransmitters through competition with suitable PET ligands at their receptors. For dopamine this approach seems successful, as witnessed by a significantly reduced 11C-raclopride binding potential for dopamine D2 receptors in the basal ganglia when increasing the levels of dopamine via pharmacological [118] or psychological [119] challenges, although Ginovart [120] warned for the difficulties in interpretation of these results. Imaging of synaptic neurotransmission using in vivo binding competition techniques has been critically reviewed by Laruelle [121] . For serotonin the competition approach appeared less successful (for reviews [122, 123] ). Other neurotransmitters currently under investigation using this paradigm include glutamate, acetylcholine and norepinephrine. Electroencephalography (EEG) measures different wavelengths which mirror different brain activities. MDD is associated with reduced alpha wave activity. Studies have suggested that changes in alpha wave activity measured by EEG can discriminate between healthy subjects and MDD patients [124] . Advantages of EEG as a biomarker are that this technique is non-invasive and is already used on a daily basis in clinical settings. Moreover, EEG measures brain activity in a direct way. Interestingly the effects of the BDNF val66met polymorphism, which is associated with stress and the risk of developing depression, are mediated by low alpha wave activity [125] . For more detailed information regarding EEG as potential biomarker for MDD we refer to the review by Olbrich and Arns, 2013 [124] . In conclusion, neuroimaging is the only biomarker approach, which can directly assess biochemical and biological targets in the brain and as such holds a promise for the future. For now neuroimaging approaches are expensive and their analysis is not well automated yet and thus time-consuming. In the future, when such practical problems might be overcome neuroimaging may be one of the most promising approaches for the discovery of clinically applicable biomarkers for MDD.
Genetic approaches
The role of genetics in MDD can be studied at the level of gene polymorphisms (gene association studies), gene expression (via measurement of mRNA levels), and epigenetic programming. In contrast to gene expression and epigenetic studies, DNA for gene association studies can be taken from virtually every cell in the body and thus samples can be drawn from easily obtainable cells, such as white blood cells [126] . While in principle gene expression and epigenetic approaches can provide information on gene*gene interactions (epistasis) and gene*environment interactions, gene expression and epigenetic status may largely differ between various tissues and cell types. Thus, the unattainability of living brain tissue remains an obstacle with these approaches and although post-mortem studies might overcome this obstacle they have other limitations.
Gene association studies
Many gene association studies have been performed to identify gene polymorphisms associated with MDD (see meta-analyses [127, 128] ). Most of these studies are theory driven, for example the reported associations of MDD with functional polymorphisms in the gene that codes for the enzyme monoamine oxidase A [129, 130] , which degrades monoamines in the brain [131] . Novel techniques such as genome wide association studies (GWAS) and next generation sequencing (NGS) allow for the simultaneous identification of multiple single nucleotide polymorphisms (SNPs) associated with depression (for review see [132] ). A major advantage of these techniques is their explorative character which enables the search for genes and biochemical pathways hitherto not associated with depression. Examples are the recently identified piccolo gene [133] , the BDNF Val66Met polymorphism which is associated with depression mainly in men [134] , and the identification of an SNP predicting SSRI treatment response in two independent MDD cohorts [135] .
An interesting question is whether previously reported associations of genes or SNPs with MDD can be replicated by a GWAS. A recent study reported that out of 57 selected genes previously associated with depression only four could be replicated in a GWAS: the norepinephrine transporter, neuropeptide Y (NPY), dendritic cell nuclear protein 1 (DCNP1) and tumor necrosis factor α (TNFα) [55] . It is interesting to note that these four genes are all related to at least one of the major hypotheses of MDD etiology (the norepinephrine receptor to the monoamine hypothesis, DCNP1 to the neurogenesis/neuroplasticity hypothesis, TNFα to the neuro-inflammation hypothesis and NPY to both the monoamine and the stress hypotheses). Yet, it is disconcerting to note that even in well-performed studies the risk of false positive findings is far from negligible. Although genetic biomarkers are by definition "state markers" rather than "trait markers" and thus can never be used in a clinical setting to diagnose depression, genetic polymorphisms could possibly identify persons at risk for depression or predict response to certain antidepressant therapies. Moreover, studying genetic polymorphisms associated with depression will result in more insight into the biological systems that may play a role in depression, which might lead to the discovery of new biomarkers. However, a major obstacle in the search for genetic polymorphisms associated with depression is that association between genes and etiologically complex diseases such as MDD may largely depend on epistasis and gene*environment interactions, which is likely to vary among individuals and populations (e.g. [136, 137] ). In addition, there is a large overlap in genetic mutations between different psychiatric disorders. For example, MDD, autism spectrum disorders and ADHD have been demonstrated to share multiple genetic variations [135] . Thus, although genetic polymorphisms might possibly identify people at risk for development of MDD, they cannot be used in a clinical setting to actually diagnose depression as they represent only a risk factor, not a state of disease.
Gene expression studies
In principle gene expression studies can provide more relevant information regarding the neurobiological background of depression than genetic association studies. Gene expression involves a dynamic process in comparison to SNPs which is rather static providing only details on susceptibility. Gene expression is different for each type of cell and can be influenced by multiple factors involving epi-genetic modifications altering expression patterns but also changing microenvironments within a certain cell type.
Within MDD biomarker research, gene expression studies are most commonly performed in white blood cells or post-mortem brain tissue. The rationale for central processes being reflected in gene expression patterns of white blood cells may be twofold. First, functional gene polymorphisms associated with MDD are likely to influence gene expression of brain cells and white blood cells in a comparable way. Second, several lines of evidence indicate that central nervous system (CNS) and immune system share many properties and that immune cells interact with the CNS [126, [138] [139] [140] . Indeed, both animal and human studies have shown a reasonable correlation between gene expression in brain tissue and in peripheral lymphocytes [55, 141] . Thus, although results should be carefully interpreted, gene expression in lymphocytes may be used as a surrogate of gene expression in brain tissue [141] .
Gene expression studies in lymphocytes indicate that MDD is associated with decreased expression of vascular endothelial growth factor (VEGF) [142] , decreased expression of neurotrophic factors glial cell line derived neurotrophic factor (GDNF), artemin and neurotrophin-3 [147] and increased expression of the serotonin transporter [142] . The latter can be partly normalized by antidepressant treatment [143] , which is in agreement with a study in animals where long-term treatment with an antidepressant via osmotic mini pumps significantly decreases the expression of the serotonin transporter in the brain [144] . These studies indicate that lymphocyte gene expression could provide biomarkers for depression, although at the moment there are no gene expression markers that have been demonstrated to have sufficient sensitivity and specificity. For a review of gene expression studies in MDD we refer to . [146] , indicating that molecular analysis of stimulated blood cells can be used as an endophenotype for MDD diagnosis. Future research will have to clarify whether LPSstimulated gene expression may have additional value for differentiating between MDD subtypes and predicting treatment response.
Interestingly, gene expression experiments with lipopolysaccharide (LPS) stimulated blood cells have demonstrated several differences in LPS-stimulated gene expression between MDD patients and healthy controls
Gene expression studies in post-mortem brain tissue of MDD patients are another alternative and they may increase our knowledge of the pathophysiology of MDD, thereby providing new leads in the search for suitable biomarkers. Next to the extensive study by Sullivan [153] . Results suggest alterations in oligodendroglia and synaptic function, glutamate and γ-amino butyric acid (GABA) signal transmission, lipid metabolism, immune response and BDNF expression, again supporting most of the current hypotheses of MDD.
Epigenetic mechanisms in MDD
Epigenetic mechanisms include modifications of the DNA that influence gene expression, for example via (de)methylation or histone (de)acetylation (e.g. [154, 155] ). It has become increasingly clear that environmental factors such as stress, nutrition, diet, drugs, hormones and infections may epigenetically modify a person's phenotype [156] [157] [158] [159] [160] . While epigenetic mechanisms add yet another layer of complexity, they also offer a promising framework to understand the role of gene*environment interactions in MDD. It is likely that epigenetic modifications in response to environmental factors play a role in the pathophysiology of depression by changing the expression of genes associated with MDD. This view is supported by a recent animal study showing that chronic stress decreases the levels of BDNF in hippocampus through long lasting epigenetic de-methylation of histones at the promotor site of the BDNF gene [161] . In addition, another animal study demonstrated that decreased maternal grooming in rodents is associated with epigenetic changes of the glucocorticoid receptor gene in the offspring, indicating that early life events may induce epigenetic changes that remain present into adulthood and in the next generation [162] . From a biomarker perspective it would be interesting to know whether such epigenetic alterations can also be reliably determined in white blood cells.
(De)-methylation of DNA/histone or proteins might modulate both gene expression and enzyme activities involved in MDD pathogenesis. At the protein level, protein phosphatase 2A methyltransferase could link homocysteine metabolism with regulation of several precursor proteins in divergent pathways involved in MDD [161] . Elevated homocysteine levels in CSF and blood are usually associated with increased S-adenosyl-homocysteine (SAH, inhibitor of methyltransferases) and decreased S-adenosyl-methionine levels (SAM, major methyl donor) resulting in an overall decrease of cellular methylation. De-methylation might also impair DNA repair mechanisms leading to apoptosis and hypersensitivity to excitotoxicity [163, 164] .
Arguably, changes at the protein level are easier to quantify than (epi-) genetic changes and more accurately reflect the disease process because they encompass both (epi-) genetic changes, posttranslational mechanisms and other dynamic interactions between proteins (see figure 1 ). Yet, combining protein and (epi-) genetic (expression) data might shed more light on gene*environment interactions and the relation between etiology and disease pathology, than when evaluated separately.
Other approaches in MDD: proteins, hormones and signalling molecules Theory driven approaches At the moment, the measurement of proteins and hormones in body fluids such as blood and urine is the most promising technique for the development of a biomarker-based depression test. Because most research into depression is still theory-driven it is not surprising that the majority of potential biomarkers fit well in the existing theories of MDD. Biomarkers related to the monoamine hypothesis include metabolites of monoamine neurotransmitters in blood, urine and CSF. However, so far studies have failed to demonstrate consistent alterations in any monoamine metabolite in MDD [3, [165] [166] [167] . Biomarkers related to the stress hypothesis are more promising. Numerous studies have demonstrated alterations of baseline levels of CRH, ACTH and cortisol in blood, urine and saliva as well as stimulated levels of cortisol [25, 27, [30] [31] [32] . A comprehensive meta-analysis supports the idea that MDD patients and healthy controls display differences in the baseline levels of cortisol and ACTH in several body fluids, yet it was unable to find significant differences for CRH [32] . However, the authors argue that CRH levels in body fluids might not accurately reflect CRH production in the hypothalamus. In addition, this meta-analysis found a significant impairment of negative feedback control in the dexamethasone suppression test, which measures suppression of cortisol production upon administration of the synthetic corticosteroid dexamethasone. Another meta-analysis including seven studies on the cortisol response to psychosocial stress, a more natural stressor, confirmed the presence of an abnormal cortisol response to stressful stimuli in MDD patients [168] . However, as HPA axis abnormalities only occur in a subset of patients [32], sensitivity remains low. In addition, HPA axis abnormalities occur in other disorders as well, including post-traumatic stress disorder, bipolar disorder and schizophrenia [169, 170] , reducing their potential as specific biomarkers for MDD. However, HPA axis abnormalities may be a marker for particular MDD subtypes. Indeed, a meta-analysis by Stetler and Miller [32] found that especially patients with the melancholic or psychotic subtype of depression were at risk for HPA axis abnormalities.
Characteristics of immune activation in MDD include increased serum levels of markers for activated immune cells (e.g. neopterin, prostaglandine E2 (PGE2) and soluble IL-2 receptors), higher serum concentrations of C-Reactive Protein (CRP) as well as increased release of proinflammatory cytokines, such as IL-1, IL-2 and IL-6 by activated macrophages and interferon-γ (IFN-γ) by activated T cells [34, 35, 171, 172] . In line with the immune-inflammation hypothesis of depression, the increase in plasma concentrations of the pro-inflammatory cytokines IL-1 and IL-6 observed in patients suffering from MDD seems to correlate with both severity and HPA axis hyperactivity [34, 35] . Recently it was shown that lipocalin 2 (lcn2), a protein associated with the TNF-α pathway, is significantly increased in serum from MDD patients vs. controls. Interestingly, lcn2 serum concentrations also appeared significantly different between current depressive patients and patients in remission [173] , indicating that increased lcn2 may reflect a depressed state rather than a trait. Although promising, many of these studies failed to demonstrate a consistent relationship between MDD and disturbed immune-inflammatory processes [37, 38, 174] . One of the reasons for this lack of consistency may be related to not taking into account specific patient characteristics or depression subtypes. For example, increased levels of CRP, IL-6 and TNF-α were found to be associated with the development of manic symptoms in male, but not female MDD patients [175] .
In addition to factors related to stress and inflammation levels of several neurotrophic factors, the regulators of neurogenesis and neuroplasticity, are altered in MDD patients. As mentioned previously, serum BDNF levels might reflect a depressed state and they respond to antidepressant treatment. Interestingly, a recent study investigating the potential of BDNF as a biomarker for depression has found a relatively high sensitivity and specificity (83.9% and 93% respectively) [176] . In addition to BDNF, altered plasma or serum levels have been found for several other factors with neurotrophic properties. These include increased levels of vascular endothelial growth factor (VEGF), fibroblast growth factor 2 (FGF-2) [177-179] and decreased levels of glial cell line derived neurotrophic factor (GDNF) [180, 181] . Recent studies demonstrate that baseline VEGF levels may predict treatment response [182, 183] . However, the usefulness of neurotrophic factors as biomarkers for MDD is limited by the fact that altered levels of neurotrophic factors are found in a variety of disorders, including schizophrenia, Alzheimer's disease, and Parkinson's disease [184] [185] [186] [187] [188] . Thus, although determination of peripheral levels of hormones and proteins may be a promising direction for biomarker research in MDD, the current biomarkers do not reach sufficient sensitivity and specificity for diagnostic purposes. This probably connects with the heterogeneous nature of MDD and with similarities in pathophysiology of MDD and other psychiatric and neurodegenerative disorders. We believe future biomarker research should be directed at finding combinations of biomarkers with increased specificity for subtypes of MDD.
Hypothesis-free approaches: proteomics in body fluids, post-mortem tissue and animal models Quantitative proteomics allows for the analysis of hundreds of proteins in body fluids, via multiplex analyte profiling (MAP) or techniques such as two-dimensional gel electrophoresis (2DGE) or liquid chromatography (LC) in combination with a method capable of identifying and quantifying the proteins such as mass spectrometry (MS). Proteomics in psychiatric research is relatively new as evidenced by the limited amount of data available, but the promising results from early studies indicate that this technique is worth further exploration. Thus far, only a handful of proteomic studies using serum or plasma of MDD patients has been published [60, [189] [190] [191] [192] . Results point towards involvement of markers associated with lipid metabolism, inflammation and immune regulation, neurogenesis and synaptic plasticity, and insulin metabolism. The varying outcome of these studies show the importance of confirming biomarkers found via proteomic approaches in separate experiments.
Four studies have quantified multiple proteins with LC-MS or 2DGE-MS in post-mortem tissue from frontal cortex [193] , dorsolateral prefrontal cortex [194, 195] and anterior cingulate cortex [196] , pointing at an involvement of energy metabolism, synaptic function and cellular architecture in MDD pathophysiology. Within the field of animal models of MDD some preliminary proteomics studies also indicated an involvement of energy metabolism, synaptic plasticity, cellular architecture, neurogenesis and apoptosis [197] [198] [199] . Although very limited in number initial proteomics reports suggest that such hypothesis free approaches hold promise for the discovery of novel biomarkers for the differentiation of MDD subtypes, prognosis of the disease and the identification of previously unknown pathophysiological pathways in MDD.
Translating biomarker data for clinical usability Statistical analyses and data integration
With a heterogeneous disorder such as MDD a single biomarker is unlikely capable of discriminating between cases and controls, nor predicting treatment response and differentiating between various subtypes. Instead, identifying biomarker panels reflecting the divergent underlying pathological processes in MDD will be a more fruitful approach [200] . Figure 1 shows an adaptation of a hypothetic model published by Craddock and Owen [201] , showing the associations between the neurobiological processes involved in MDD and different symptom clusters or MDD subtypes. Although these associations need further scientific confirmation, providing an integrated model of the complex interrelations might be helpful in mapping the findings from different research approaches to clinical manifestations. While statistics for a single biomarker can be relatively simple, it will become more complex with increasing numbers of biomarkers. This is particularly true for genomic and proteomic approaches, where corrections for multiple testing and interactions make it difficult to attain satisfactory levels of significance. Yet, several investigators obtained relevant information presumably hidden in the noise imposed by the analytical and biological variation, for example by using phenotype randomization, wherein biomarker values are randomly assigned to cases or controls or by making use of previously attained knowledge such as in TSR-profiling [201] . With such statistical approaches specific information about individual biomarkers is traded in for more global information about sets of biomarkers. It is obvious that identification of biomarker panels requires more advanced statistical methods to detect patterns associated with different clinical manifestations [202] . Methods often used in the field of 'omics' involve decision tree or network analyses [203] , but alternative methods have also been proposed [204] . In short, decision tree analysis involves the arrangement of heterogeneous biomarker data, using for instance parsimony phylogenetic analysis models. These approaches eventually provide a tree structure to get better insight in how specific biomarker profiles can be used for prediction and diagnosis. For a detailed and critical description of these methods we refer to Abu-Asab and co-workers [205] .
In the field of neuroimaging, machine learning and pattern recognition are becoming increasingly popular [204] . Both techniques involve statistical methods that are suitable for integrating large amounts of (biomarker) data, thus enabling predictions of clinical outcome and/or treatment response on the basis of biomarker panels [202] . Despite their diagnostic value and potential to indicate underlying pathophysiological processes, such methods give little insight into the dynamics of individual single biological factors such as those presented in figure 1. Understanding how complex biological interactions eventually lead to different clinical outcomes might be realized by combining these methods with system biology approaches such as dynamic system modelling. Dynamic system modelling is a statistical approach that enables insight into how changes in single factors affect the whole network [206] .
Integration of preclinical and clinical biomarker research
Information regarding pathophysiological processes in MDD stems in part from in vitro and in vivo research performed in laboratory animals. In animal studies it is possible to directly assess pathophysiological processes in the brain using various in vivo techniques while simultaneously measuring biomarkers in body fluids. This can also be done in humans using neuroimaging techniques, but the number of targets is still very limited (see section 3.1.2.). Moreover, in animal studies experimental conditions can be far better controlled than in humans. Clearly, animal studies are essential both to expand the number of targets assessable by neuroimaging and to explore hitherto unknown pathophysiological processes in depression. Nevertheless, it must be realized that several confounding factors exist when translating animal and human data. Firstly, animal research into MDD is based on models trying to mimic the human condition. Mimicking a human condition in animals is difficult and often necessitates the use of different animal models often covering only part of the human condition, for instance the lipopolysaccharide (LPS) model which induces depression-like behavior associated with immune system activation [208] . Another depression model is the Flinders sensitive line model making use of genetically predisposed rats to develop depression-like behavior. This model mimics multiple core features of depression [209] and holds great promise as a model for the human condition. Yet, all animal models have to fulfil stringent criteria such as construct (etiology), face (depression-like behavior) and predictive validity (antidepressant effect) [63, 207] . Secondly, marked differences exist between species both in neuronal organization and function. Finally, overt differences in pharmacokinetics and pharmacodynamics have been reported especially between rodents and humans (e.g. [64,210-212] ) which is especially important when investigating potential new therapeutic interventions but also new biochemical pathways. Construct and face validity criteria certainly have their merit, yet an extensive biochemical validation is often missing. Notable exceptions may be some stress and inflammation models. To some extent predictive validity might relate to such a biochemical validation, but it is hard to imagine that acute drug effects in animal models, as sometimes used by pharmaceutical industries to assess antidepressant-like activity, are very indicative of the biochemical changes underlying chronic drug effects in patients. In our view animal models must also be validated biochemically through parallel translational biomarker research in humans, primates and other animals.
Alternatively, blood and urine borne biomarkers from patients with MDD can be used to monitor already known biochemical pathways. Many of these pathways have been identified in laboratory animals including those involved in neurogenesis, oxidative stress and apoptosis, mitochondrial and endothelial function. Generally, potential biomarkers can be derived from theory driven (see figure 1 ) as well as hypothesis free approaches (proteomics, GWAS, gene expression and epigenetic arrays). The latter have the potential advantage of identifying hitherto unknown processes in MDD. A fundamental question is how peripheral markers relate to central processes. As the brain is protected by a blood brain barrier that selectively transports proteins across its membrane, it is often unclear how central pathology correlates with peripheral biomarker measurements. This gap in our knowledge can only be overcome by performing parallel research in humans and animals using all aforementioned biomarker approaches. However, studies using this approach are still very limited in number. For further information regarding the use of animal models in psychiatric research the reader is referred to Neumann et al. and Krishnan et al. [209, 213] . Figure 1 (see previous page): Modification of a scheme originally presented by Craddock and Owen [207] , linking clinical manifestations and alleged underlying biological mechanisms in MDD. The biological substrate of depression is likely to be complex. Arrows indicate relations between transcriptional and translational processes, putative interactions within and between groups, and how they might contribute to brain pathology. Differences in these factors probably underlie symptomatic differences in MDD and may reflect different subtypes. The latter step, in particular, is largely unknown, although evidence emerges that alterations in specific biological systems are indeed associated with specific MDD subtypes. Abbreviations: adrenocorticotropic hormone (ACTH); brain derived neurotrophic factor (BDNF); cyclo-oxygenase 2 (COX-2); corticotropin releasing hormone (CRH), γ-amino butyric acid (GABA); fibroblast growth factor 2 (FGF-2); hypoxia inducible factor 1α (HIF1alpha); interferon γ (IFNγ); interleukin (IL), lipocalin 2 (LCN2), herpes virus entry mediator (HVEM), insuline-like growth factor 1 (IGF1), neuropeptide Y (NPY), nitrogen oxide (NO); phospho cAMP response element-binding protein (pCREB); phospho lipase C (PLC), small interfering RNA (siRNA); substrate adhesion molecules (SAM); tumor necrosis factor alpha (TNF-α); vascular endothelial growth factor (VEGF)
Discussion
The aim of this review is to evaluate various biomarker approaches with respect to scientific merit and alleged clinical applicability, and to give an overview of the experimental and clinical applicability of current biomarkers. Table 1 offers an overview of biomarker approaches for MDD. The table encompasses all currently dominant hypotheses of the pathophysiology of MDD. Identifying all mechanisms which play a role in MDD and its subtypes may become very important for future clinical decision making. Biomarker diagnostics may thus aid the decision making of the clinician regarding the current identity of the disease (profiling) and regarding the course of the disease (staging). Of all biomarker approaches, analysis of protein and hormone levels in blood and urine seems the most promising approach for the development of a biomarker-based diagnostic and/or prognostic test for MDD. Levels of proteins are more likely to reflect a pathophysiological state and therefore have a higher diagnostic value than for example genetic markers, which are per definition trait markers (with the possible exception of gene expression and epigenetic analyses). In addition, this approach fulfils several important practical criteria: it is widely available, marginally invasive and the costs are generally low. Although other approaches such as neuroimaging, genomics and proteomics certainly have value in unravelling the pathophysiology of MDD and discovering previously unknown biomarkers, their practical applicability is still seriously restricted by their high costs and limited accessibility.
We have primarily evaluated biomarker approaches in relation to the major hypotheses of MDD and indicated how biomarkers might fit in various pathophysiological mechanisms ( fig. 1) . Although a variety of biomarkers has been suggested for MDD, at present none of these biomarkers reaches sufficient sensitivity and specificity to distinguish MDD patients from healthy controls. This is not surprising given the heterogeneous character of MDD and its complex pathophysiology. Arguably, some biomarkers may reflect specific pathophysiological pathways and may be relevant only in a subgroup of depressed patients, for example in certain clinical subtypes of MDD. In addition, expression of some biomarkers might change over the course of disease, reflecting a stage of disease. Thus, although single biomarkers may not reach sufficient sensitivity and specificity, they may be highly valuable for defining subtypes of depression, choosing the best treatment strategy and predicting disease progression and treatment response. Arguably, sensitivity and specificity will increase when using a combination of biomarkers for divergent pathological processes involved in MDD.
Indeed, a recent study using a panel of nine biomarkers combined into one "MDD score" found that this panel could separate MDD patients and control subjects with relatively high accuracy, reporting a sensitivity of over 90% and a specificity of over 80% [83] . One major goal for future biomarker research in MDD is thus to further determine and refine suitable panels of biomarkers that in concert with clinical assessment tools such as the DSM-IV can be used in a clinical setting to diagnose MDD or MDD subtypes or to predict long-term prognosis or treatment response [214] . To understand the pathophysiology of MDD it is necessary to integrate the information obtained from all approaches including proteomics, (epi-) genetics and neuroimaging. This will require the use of advanced statistical approaches to integrate data from multiple biomarker approaches. Up to now attempts to define biomarker panels have largely been unsuccessful, most likely due to our limited understanding of the biological processes underlying MDD and how these processes react and interact in a dynamic environment.
Conclusion & future perspective
At the moment, single biomarkers for MDD lack sufficient sensitivity and specificity to be applicable for the diagnosis of MDD or for the prediction of longitudinal course and/or treatment response. Although the first steps to identify biomarkers for diagnosis and prognosis have been made, little attention has been paid either to the heterogeneous presentation and multifactorial etiology of MDD or to the different clinical stages of disease, for which more advanced approaches such as the use of biomarker panels might now come within reach. Future research should be directed at defining and replicating panels of biomarkers consisting of genetic, protein, hormone and eventually neuroimaging data that together can be used in a clinical setting. A sensible combination of biomarker approaches is essential to decipher the pathophysiology of MDD. Another issue is discriminating between MDD subtypes, unipolar, bipolar and somatoform disorders on a biochemical basis and to predict longitudinal course and outcomes of treatment strategies. To reach this goal, more sophisticated approaches for statistical analysis and data integration, as already applied in other research fields, are mandatory. It is of eminent importance to further expand biomarker research and to develop dedicated biomarker panels with high sensitivity and selectivity for other psychiatric disorders as well. 
